Abstract. Common bean (Phaseolus vulgaris L.) is the world's most important grain legume for direct human consumption. However, the soils in which common bean predominate are frequently limited by the availability of phosphorus (P). Improving bean yield and quality requires an understanding of the genes controlling P acquisition and use, ultimately utilising these genes for crop improvement. Here we report an in silico approach for the identification of genes involved in adaptation of P. vulgaris and other legumes to P-deficiency. Some 22 groups of genes from four legume species and Arabidopsis thaliana, encoding diverse functions, were identified as statistically over-represented in EST contigs from P-stressed tissues. By combining bioinformatics analysis with available micro / macroarray technologies and clustering results across five species, we identified 52 P. vulgaris candidate genes belonging to 19 categories as induced by P-stress response. Transport-related, stress (defence and regulation) signal transduction genes are abundantly represented. Manipulating these genes through traditional breeding methodologies and / or biotechnology approaches may allow us to improve crop P-nutrition.
Introduction

Building the foundations for common bean functional genomics
Common bean is the world's most important grain legume for direct human consumption. In Mexico, and other countries of Central and South America, beans are staple crops serving as the primary source of protein N in the diet (Broughton et al. 2003; Graham et al. 2003) . In Latin America and Africa, the yield of bean production is low, in part because of disease and insect pressures but also because of edaphic constraints that include soil N and P deficiencies, soil acidity, and aluminum, manganese, and iron toxicities (Graham 1981;  Abbreviations used: EST, expressed sequence tag; P, phosphorus; TIGR, The Institute for Genomic Research. Graham et al. 2003) . It has been suggested that 89% of soils in Latin America are deficient in N and 82% are deficient in P, with more than 500 million Ha of soil in this region with a pH of 4.5 or less (Sánchez and Cochrane 1980) . Overcoming edaphic stresses and improving crop yield are high-priority goals. Identification of the plant genes involved in these processes will not only increase our knowledge of processes integral to crop productivity, but also will identify new targets for crop improvement.
Despite the importance of common bean as a crop legume, very little expressed sequence tag (EST) information is publicly available. In efforts to develop molecular tools and to provide an initial platform for comparative functional genomics, we initiated a collaborative project on common bean ESTs sequencing. We previously reported the sequencing and assembly of 21 026 ESTs derived from two P. vulgaris genotypes -Mesoamerican Negro Jamapa 81 and Andean G19833. ESTs were derived from root nodules, roots from P-deficient plants, developing and mature pods, and leaves (Ramírez et al. 2005) . Recently, Melotto et al. (2005) reported the sequencing of 5255 ESTs from P. vulgaris genotype SEL1308. These sequences were derived from two cDNA libraries developed from leaves and seedlings, inoculated or non-inoculated with the fungal pathogen Colletotrichum lindemuthianum. Here we report the P. vulgaris gene index elaborated after the combined contig (the consensus sequence for an assembly of ESTs corresponding to a given gene) analysis of all the common bean ESTs publicly available.
Identification of genes important in P acquisition
Recent advances in macro-and microarray technology have led to the identification of several genes involved in plant responses to P deficiency. High-density macroarray analysis was performed to evaluate gene expression in response to Pdeficiency in white lupin (Lupinus albus, Uhde-Stone et al. 2003) . White lupin adapts to P deficiency by the development of short, densely clustered lateral roots called proteoid roots. Nylon filter arrays with some 2000 ESTs from proteoid roots were performed to identify genes differentially expressed in P-deficient proteoid roots as compared to normal roots. Some 35-40 genes that are more highly expressed in −P cluster roots than in + P roots were identified, including genes involved in carbon and secondary metabolism, P scavenging and remobilisation, plant hormone metabolism, and signal transduction (Uhde-Stone et al. 2003) .
More recently, a comprehensive survey of gene expression in response to P deprivation in Arabidopsis thaliana has been reported (Misson et al. 2005) . For this study the wholegenome Affymetrix gene chip (ATH1) was used to quantify the spatio-temporal variations in transcript abundance of some 22 000 genes. Analysis of short-, medium-, and longterm P deprivation revealed a total of 866 differently expressed genes; 612 of these were induced. Genes involved in several biochemical pathways that are closely associated with plant responses to P deficiency were coordinately activated and repressed. The functional classification of the differentially expressed genes also included those involved in ion transport, signal transduction, transcriptional regulation, and growth and development processes (Misson et al. 2005) .
Identification of genes important in phosphate stress across species
Datasets that identify ESTs responsive to P-deficiency have been developed in several species. In Medicago truncatula, three EST libraries (totaling 13 245 ESTs) are available from P-starved roots and leaves [The Institute for Genomic Research (TIGR), http://www.tigr.org; verified 6 July 2006].
In soybean (Glycine max and G. sojae), 5 429 ESTs are available from P-starved roots (TIGR). In L. albus, 3260 ESTs are available from different stages of P-starved proteoid roots (Uhde-Stone et al. 2003 and C Vance unpubl. data) . In addition, we have generated 3165 ESTs from P-starved roots of P. vulgaris (Ramírez et al. 2005) . In this report, we use statistical and cluster analyses of EST data to identify candidate genes potentially involved in P-starvation from P. vulgaris and other legumes. Through in silico analysis of ESTs from P. vulgaris, M. truncatula, soybean, L. albus, and A. thaliana, we have identified P-stress genes that are statistically over-represented. Genes identified from P. vulgaris will build a foundation for future research.
Material and methods
Processing and contig assembly of P. vulgaris and L. albus ESTs
To analyse the most complete Phaseolus vulgaris L. dataset possible, the ESTs sequenced by Ramírez et al. (2005) and Melotto et al. (2005) were considered together. EST sequences generated by Melotto et al. (2005) were downloaded from DbEST (http://www.ncbi.nlm.nih.gov/dbEST/; verified 6 July 2006). The sequences of both groups were assembled with a processing pipeline developed by the Center for Computational Genomics and Bioinformatics (CCGB) at the University of Minnesota, as described by Ramírez et al. (2005) . The results of this analysis are shown in Tables 1 and 2 . Uhde-Stone et al. (2003) sequenced 2102 ESTs from 7-to 10-dold and 12-to 14-d-old P-starved proteoid roots of Lupinus albus L. An additional 1140 ESTs have recently been generated from emerging proteoid roots (C Vance unpubl. data). Using the processing pipeline mentioned above, we assembled the L. albus ESTs into 409 contigs and and 1379 singletons (data not shown).
Identification of contigs statistically over-represented with ESTs from P-starved tissues
To identify genes important under conditions of phosphate stress, TIGR's soybean (GmGI version 12) and Medicago truncatula Gaertn. (MtGI version 8) gene indices were searched for EST libraries derived from phosphate-starved tissues (http://www.tigr.org/tdb/tgi/plant.shtml; verified 6 July 2006). Three libraries were identified from M. truncatula. MHRP-and rootphos(-), containing 2649 and 1953 ESTs respectively, were derived from P-starved roots; NF-PL, containing 8643 ESTs, was derived from P-starved leaves. In soybean, only a single phosphatestarved root library was identified (5429 ESTs). In addition to TIGR's gene indices, we also took advantage of the 3165 P-stressed root ESTs available from P. vulgaris (Ramírez et al. 2005) . Custom perl scripts were used to examine each contig / phosphatestarved library combination. For most species, each EST contig was examined only once, since only one P-starved EST library was available. For M. truncatula, each contig was examined three times, once for each of the three P-starved libraries. For each contig / library combination, a perl script was used to count four observed values: the number of P-starved ESTs from a particular library in and out of the contig and the number of 'other' ESTs in and out of the contig. 'Other' ESTs included all other EST libraries except those from other P-starved libraries, those whose tissue origin could not be determined, or those representing resequenced libraries.
Based on the four observed counts, a second perl script calculated the expected values based on EST frequency. If the observed and expected counts within a contig were greater than four, a chi-square association test (Dunn and Clark 2001) determined the statistical significance of the results. If any of the counts was less than four, statistical significance was calculated by the Fisher exact probability test (Siegel 1956 ). Each of these tests determined whether a contig has a true over-representation of P-starved ESTs or if the number observed could occur by chance. The Fisher exact test was used with counts less than four because it won't exaggerate probability estimates. If the probability obtained for a particular contig / library combination was less than or equal to 0.05, a contig / library combination was considered statistically overrepresented with ESTs from the corresponding P-starved library. Using this approach a single contig could be statistically over-represented with P-starved ESTs from more than one library. An example of the analysis is shown in Fig. 1 .
In the case of L. albus, all available ESTs came from P-starved proteoid root tissues. Since ESTs from other tissues were not available, statistical analysis of L. albus contigs could not be performed. However, these genes were included in our clustering analyses because they were derived from P-starved roots and many of the genes have been confirmed to show enhanced expression under P-starvation with macroarray analysis (Uhde-Stone et al. 2003; S Miller, C Vance unpubl. data) . Results from L. albus macroarray and Arabidopsis microarray experiments (Misson et al. 2005) provide strong support for bioinformatics approaches. Misson et al. (2005) used the Arabidopsis thaliana (L.) Heyhn. wholegenome Affymetrix gene chip (ATH1) to identify A. thaliana genes induced or repressed during P-starvation. In P-starved leaves, 404 genes were significantly (probability <0.05) up-regulated with at least 2-fold induction. In P-starved roots, 231 genes were significantly upregulated with a minimum 2-fold induction of gene expression. In total, 494 unique genes were up-regulated during P-starvation in leaves and / or roots. The gene identifiers were used to download the corresponding sequences from The Arabidopsis Information Resource (TAIR, http://www.arabidopsis.org; verified 6 July 2006).
Identification of A. thaliana genes induced in leaves and roots of P-starved tissues
Single linkage clustering of homologous sequences across species
The sequences of statistically over-represented P-starved contigs from P. vulgaris, soybean, and M. truncatula, the A. thaliana P-starvation statistically up-regulated genes identified by Misson et al. (2005) , and the sequences of the 409 contigs assembled from P-starved proteoid roots of L. albus ESTs were combined to give a dataset totalling 2097 sequences (Table 3) . Genes important in P-stress across species were identified by a two-step approach. TBLASTX (Altschul et al. 1997 ) of the dataset against itself was used to identify homologous sequences (E-value cutoff of 10 −4 ). Single linkage clustering, described by Graham et al. (2004) , assigned homologous sequences into groups. Groups that only contained sequences from L. albus were deleted as no statistical analyses had been performed on these sequences. Once group identifiers were assigned, all sequences in each group were compared to the Uniprot protein database (Apweiler et al. 2004 ) using BLASTX (Altschul et al. 1997) and an E-value cutoff of 10 −4 . These results were used in functional annotation of the groups.
Results
Phaseolus vulgaris gene index
We previously reported sequencing five EST libraries from P. vulgaris. Since then, an additional 5255 ESTs have been deposited in DbEST (http://www.ncbi.nlm.nih.gov/dbEST/) by Melotto et al. (2005) . The combination of these two datasets provides a single P. vulgaris gene index containing 20 578 ESTs. Of these, 6787 were classified as singletons and the remaining 13 791 assembled into 2883 contigs ranging in EST redundancy from 2 to 269 (Table 1 ) resulting in a 9670 unigene set. Library specific contigs ranged from 29 to 207 (Table 2) . Data from this new build can be downloaded from our website (http://www.ccg.unam.mx/phaseolusest/; verified 6 July 2006).
Identification of contigs statistically over-represented with ESTs from phosphate-starved tissues
Using algorithms and statistical analysis we evaluated 31 928 contigs from soybean, 18 612 contigs from M. truncatula, and 2883 contigs from P. vulgaris for statistical overrepresentation of ESTs from P-starved libraries (Table 3 ).
The number of contigs that were over-represented under P-stress conditions (P<0.05) in the three species ranged from 247 to 543. In the case of L. albus, the 409 contigs used for cluster analysis came from P-stress-induced proteoid roots. P-starvation. The 494 contigs up-regulated due to P-stress in Arabidopsis and used in our cluster analysis were identified by Misson et al. (2005) .
Clustering of P-starvation-induced genes across species
One of the negative aspects of the statistical approach described above is that the number of EST libraries available for a given species may impact the results. For example, in each gene, the analyses would examine the number of ESTs derived from P-starved tissues compared with the number of ESTs derived from other tissues. For example, in M. truncatula and soybean, ESTs from P-starved roots were compared to all other ESTs including untreated roots. Genes identified as statistically over-represented in P-starved roots are likely a response to P-starvation. In contrast, in P. vulgaris no ESTs were available from untreated roots. Therefore, the statistically over-represented sequences we identified may be the result of overexpression in roots in general and may not reflect a response to P starvation (see Fig. 1 ).
To aid in identifying P-starvation-induced genes from P. vulgaris and to identify genes conserved across species, we clustered ESTs statistically over-represented from P. vulgaris with those from M. truncatula and soybean. In addition, we included statistically significant P starvation-induced genes identified from A. thaliana microarrays (Misson et al. 2005) and ESTs developed from P-starved L. albus roots for which additional macroarray data are available (UhdeStone et al. 2003) . We hypothesised that if a candidate gene identified from P. vulgaris was also induced in response to P-starvation in other species, it may be a high priority candidate for future research. Single-linkage clustering was used to assemble the 2097 P-starved sequences from P. vulgaris, M. truncatula, soybean, A. thaliana, and L. albus into 287 sequence-homology based groups. Groups ranged in size from 2 to 98 sequences and had representatives from 1-5 species. Groups of genes that were Fig. 1 . Identification of genes expressed in response to P-starvation across species. (A) In this example from P. vulgaris contig 3247, a chi-square association test (Dunn and Clark 2001) was used to determine whether P-starved ESTs were statistically over-represented within the contig. In the first step, observed values are reported for ESTs assembled in the contig and ESTs outside of the contig. In the second step, the frequency of P-starved ESTs overall was used to calculate expected values for ESTs assembled in and out of the contig. The chi-square test then measured if the observed values were significantly different from the expected values. (B) To further limit the number of candidate genes identified, single linkage clustering was used to identify sequences that were homologous to P. vulgaris contig 3247 and were also over-represented during P-starvation. While the sequences from M. truncatula and P. vulgaris were identified by the bioinformatic methods described above, the A. thaliana sequence was identified by Misson et al. (2005) as significantly up-regulated in response to P starvation from microarray experiments. (Siegel 1956) . No statistical analyses were performed on Lupinus albus sequences. For Arabidopsis thaliana, Misson et al. (2005) identified genes statistically up-regulated during P-starvation (probability <0.05) with a 2-fold increase in expression in P-starved roots and / or leaves.
Table 4. Single linkage clustering identifies homologous sequences across species that are important in response to phosphate starvation
Group numbers are assigned at random. The data in this table correspond to groups containing sequences from four or five species. Two-letter designators are used to describe the species found in each group. At refers to Arabidopsis thaliana, Mt refers to Medicago truncatula, Gm refers to soybean, La refers to Lupinus albus, and Pv refers to Phaseolus vulgaris. All Pv, Mt, and Gm sequences were identified as statistically overrepresented in P-starved tissues. All Arabidopsis thaliana sequences were significantly up-regulated in response to P stress (Misson et al. 2005 ; microarray data). All Lupinus albus sequences designated by an asterisk (*) were identified as significantly up-regulated in response to P stress in macroarray experiments (Uhde-Stone et al. 2003) . Phaseolus vulgaris sequences designated by two asterisks (**) were identified as induced in roots from P-starved plants, by RNA-blot analysis (Ramírez et al. 2005) . Annotations were assigned by comparing all sequences in the group to the Uniprot database using TBLASTX and a cut-off of E <10 Table 4 . Genes found to be over-represented in four or five species from P-stressed libraries were considered as important candidates involved in adaptation to P-deficiency.
Can bioinformatic analyses be used to identify candidate genes involved in P stress from P. vulgaris?
The 22 groups of genes listed in Table 4 are over-represented in P-stressed conditions and are likely candidates to be involved in plant responses to P stress. Of the 22 groups, 20 include A. thaliana sequences identified by Misson et al. (2005) as significantly induced in response to P stress. In addition, eight of the groups are supported by macroarray data of L. albus P-stress-induced genes identified by UhdeStone et al. (2003) . Phaseolus vulgaris sequences are found in 19 of the 22 groups. By combining our bioinformatic analyses with available micro / macro array technologies and clustering results across species, we identified 52 P. vulgaris sequences (represented in the 19 groups) ( Table 5 ). Two of these P. vulgaris genes are induced in P-deficient roots from bean plants, as shown by RNA-blot analysis (Ramírez et al. 2005) . The genes noted in Table 5 will be priority targets for future research. 
Discussion
The main goal of our study was to identify candidate genes from P. vulgaris that may be important in adaptation to Pstress. Our analysis was initiated with 2883 contigs identified in P-stressed roots of P. vulgaris. Using statistical and cluster analyses of EST library composition, we identified 247 candidate contigs that were statistically over-represented in P-stressed roots. Given the fact that we only had data from P-stressed roots it was not possible to ascertain whether these contigs were statistically over-represented generally in roots or specifically in response to P starvation. Therefore, we postulated that analysis of contigs that are statistically over-represented in other species, particularly legumes, may provide insight in to P. vulgaris genes that respond specifically to P-stress. Using this approach we have identified 52 potential P-stress candidate genes for future research (Table 5 ). These genes may have universal importance in plant adaptation to P-stress.
The genes over-represented in P starvation in four or five plant species (Table 4) belong to various functional categories. Experimental evidence supports the relevant role of some of the genes identified in plant physiological adaptation to cope with P starvation. For example, several phosphate transporter genes cloned and characterised nearly a decade ago are transcriptionally regulated depending on external P availability (reviewed by Raghothama 1999; Smith 2001) . A comprehensive transcriptional analysis of P-stressed Arabidopsis (Misson et al. 2005) revealed that several genes, including members of the Pht1 family of P transporters, ATP-binding cassette (ABC) transporters, peroxidases, transcription factors, organic acid synthesis as well as genes involved in sulfolipid synthesis are induced during P starvation (Misson et al. 2005) . In our study, several genes involved in P acquisition or transport and mobilisation, such as phosphate transporters, aquaporins, ABC transporters, and phosphatases, were identified as candidate genes for universal response to P stress (Tables 4,  5 ). Experimental evidence from both L. albus and P. vulgaris support these results. Macroarray analysis in L. albus showed that several transporter, organic acid synthesis, and purple acid phosphatase genes are induced in P-starved roots (UhdeStone et al. 2003) . RNA-blot experiments have shown that aquaporin gene expression is induced in P-starved roots of P. vulgaris relative to nodules and roots from normal plants and phosphatase transcripts were only detected in P-starved roots (Ramírez et al. 2005) .
Accumulation of active oxygen species resulting in oxidative stress is common to several abiotic stresses including deficiency of nutritional elements in several plant species (Bartoz 1997) . After prolonged P starvation, P. vulgaris plants show several symptoms of oxidative stress such as increased lipid peroxidation and hydrogen peroxide concentrations, and higher catalase and peroxidase activities in P-deficient roots than control roots (Juszczuk et al. 2001) . In agreement with these reports, we find that peroxidase genes are over-represented as P starvation contigs in P. vulgaris, as well as in the other four plant species (Tables 4, 5 ).
In addition, Table 4 shows genes that are often induced in response to elicitors, microbial attack, or under abiotic stress, which may be relevant for plant responses to P starvation, such as pathogenesis-related (PR) proteins and cytochrome P450s.
Notably chlorophyll a / b-binding protein was overrepresented in four of the five species analysed (Table 4) . This observation would be consistent with the dark-green leaf coloration that frequently accompanies P stress (Reuter et al. 1997) . Although overall growth is eventually reduced in P-stressed plants, new leaves are continually generated at the expense of older leaves. These newly generated leaves synthesise the light-capture apparatus; thus, chlorophyll a / b-binding genes remain highly expressed (Utriainen and Holopainen 2001) .
Genes with possible function in regulation or signal transduction pathways, such as protein kinases, zinc finger proteins and transcription factors, are also over-represented in four or five of the datasets analysed (Tables 4, 5) . Transcription factors and signal transduction genes that display enhanced expression during P-deprivation are likely to play important roles in other stress conditions. Our analysis, as well as that of Misson et al. (2005) , identified both WRKY and MYB transcription factors. Rubio et al. (2001) noted that a conserved MYB TF is involved in Pstarvation signalling both in plants (Arabidopsis) and algae (Chlamydomonas).
Soil P limitation is a primary effector of root architecture, which refers to the complexity of root spatial configurations that arise in response to soil conditions (López-Bucio et al. 2003) . Elegant experiments with common bean coupled to simulation modelling have shown that phenotypic adaptations to P deficiency involve changes in root architecture that facilitate acquisition of P from the topsoil (Ge et al. 2000; Lynch and Brown 2001) . Although changes in endogenous concentrations of growth hormones such as ethylene and auxins have been proposed to mediate modifications in root architecture (López-Bucio et al. 2003) , the signal transduction pathways or regulatory cascades for this complex plant response remain unknown. Genes such as those reported here (Tables 4, 5) that belong to the functional category of regulation / signal transduction may be relevant for regulating universal plant responses to P deficiency, such as modification of root architecture. Interestingly, a NAK gene containing an miRNA binding site is among the genes noted in Table 5 . Recently miRNAs have been implicated in the P-starvation response of Arabidopsis (Miura et al. 2005; Chiou et al. 2006) .
Experiments are currently underway to confirm the relevant role of candidate genes for P. vulgaris (Tables 4, 5) in the response and adaptation to P starvation. These experiments will compare the transcript profile of roots and nodules from P-deficient bean plants with control plants using approaches such as macroarrays, RNA-blot analysis and realtime quantitative PCR. Preliminary studies of P. vulgaris P-response candidate genes by RT-PCR have shown a WRKY and peroxidase expression up-regulated by P-stress (M Ramirez, CP Vance unpubl. data).
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